Results of computational fluid dynamics validation for flow around a marine propeller are presented. Computations were performed for various advance ratios following experimental conditions. The objectives of the study are to propose and verify a hybrid mesh generation strategy and to validate computational results against experimental data with advanced computational fluid dynamics tools. Computational results for both global and local flow quantities are discussed and compared with experimental data. The predicted thrust and torque are in good agreement with the measured values. The limiting streamlines on and the pathlines off the propeller blade as well as the pressure distribution on the blade surface reproduce the physics of highly skewed marine propeller flow with tip vortex very well. The circumferentially averaged velocity components compare well with the measured values, while the velocity magnitude and turbulence kinetic energy in the highly concentrated tip vortex region are under-predicted. The overall results suggest that the present approach is practicable for actual propeller design procedures.
Computational Validation for Flow around a Marine Propeller
Using Unstructured Mesh Based Navier-Stokes Solver
Introduction
Compared to the usual fans and turbines, a marine propeller is very complex geometry in that it has variable section profiles, chord lengths, and pitch angles. Also, in order to meet the heavy loads required for today's highspeed vessels, it should be operated at high speeds of rotation, which ensues higher skewness in the propeller design. All of these make the marine propeller flow one of the most challenging problems in computational fluid dynamics (CFD) and many researchers and designers have relied on experimental techniques and simplified numerical methods, such as vortex lattice methods and boundary element methods, so far.
Model tests provide valuable insights into the flow around the propeller. In addition to the global forces and moments due to the rotating propeller, it is now possible to view the detailed flow field with the turbulence quantities, e.g., Chesnakas and Jessup (1) , thanks to the improvement of non-intrusive experimental techniques, such as the Laser Doppler Velocimetry (LDV) or Particle Image Ve-locimetry (PIV). However, it still requires sophisticated test facilities and costs tens of thousands of dollars per propeller geometry.
Numerical simulation approaches for marine propeller geometries have been studied for decades. The inviscid potential flow method based on the lifting surface vortex lattice method (2) was successfully applied to many propeller geometries and is still popular among field designers. The same type of approach has been continuously improved in terms of the effects of wake alignment and cavitation (3) , (4) . Nonetheless, this approach requires in many cases cumbersome procedures and a considerable amount of preliminary knowledge, such as proper location of the trailing wake vorticity. Since a decade ago, CFD methods solving the Reynolds-averaged NavierStokes (RANS) equations have been introduced and increasingly applied to various marine propeller geometries and off-design conditions (5) - (11) . The propeller blade tip and hub vortex flow was also studied using CFD methods (12) - (15) . Most of the studies show great advancement of CFD technologies and feasibility of the approaches for marine propeller flows. It is acknowledged that, however, some issues need to be addressed for more practicable procedures.
The complexity in the mesh generation has been one of the main obstacles for CFD to overcome, since, com-pared to other lifting bodies, the propeller geometry brings about additional difficulties due to the periodicity in circumferential direction, strong twisting of the blade central plane, stagnation point on the hub close to propeller, and complicated domain decomposition strategy constrained by limited physical space behind the ship. The difficulties are in general intractable for structured mesh generation approaches. Even though the overset mesh generation strategy can be applied in the region around the blades, it still needs a well-conceived plan in advance and special blanking techniques in the codes (see for example Paterson et al. (16) ). Moreover, when controllable pitch propellers for various pitch conditions and rotating propellers in the actual ship hull wake are considered, structured mesh generation approaches become prohibitively complicated. On the other hand, unstructured mesh generation would be an easy solution, if one could use tetrahedral cells for the whole domain. Strong viscous flow phenomena, such as thin boundary layer and tip and hub vortices, however, warrant sufficiently fine mesh resolution in the boundary layer and wake. Hybrid meshing, i.e., prisms in the boundary layer and tetrahedrons in the remaining region, with mesh adaption in the tip and hub vortex region seems therefore to be the only viable means for this type of flows, especially when it needs to be easily handled by field designers.
Another issue that needs special attention is turbulence modeling. An operating screw propeller induces highly rotating flow and entails tip and hub vortices, which requires turbulence models that are able to handle the turbulence in the tip vortex region. Many of the previous studies have attributed the under-prediction of the vortex strength and size to over-estimated isotropic turbulence viscosity. Recently, Chen (14) tried the Baldwin-Lomax (17) , k-ω (18) and Gatski-Speziale algebraic Reynolds stress (19) turbulence models for a marine propeller tip vortex flow. He found that indeed the zero-equation Baldwin-Lomax model performs poorly for this type of flows, while the k-ω and algebraic Reynolds stress models perform well in predicting the mean flow features. Also discussed in Chen (14) was that the mesh resolution is more critical than the turbulence anisotropy prediction. For engineering applications, therefore, it is deemed sufficient to use the k-ω model.
A five-bladed highly skewed propeller of typical modern design, P5168, was selected for the present study. Open water measurements were made at a wide range of advance ratios (1) . Computational conditions were set to the corresponding experimental conditions. Hybrid meshes were generated with enough boundary layer resolution on the blade and hub surface. A node-based scheme for the gradient evaluation on cell faces was implemented. As solution proceeds, mesh adaption was applied in the propeller wake region, where better resolution is required for high gradients in flow variables. A moving reference frame approach was selected. The k-ω and Reynolds stress transport models were employed for turbulence closure.
Computational results for both global and local flow quantities are analyzed and validated against the experimental data. The thrust and torque coefficients are selected as the global quantities. The pressure distribution on the blade and hub surface, and velocity and turbulence quantities in the propeller wake are used to analyze the flow field.
The present paper is organized as follows. The computational method is described in the next section followed by the model geometry and mesh generation. The CFD results are presented for comparison and validation, as well as flow field analysis. Lastly, some concluding remarks are made.
Computational Modeling and Numerical Method
The computations were carried out using FLUENT, a general purpose CFD software. The governing equations are written for the mass and momentum conservation, such that ∂ρ ∂t
where v is the velocity vector in the Cartesian coordinate system, p the static pressure, and τ the stress tensor given by
where µ is the molecular viscosity, I the unit tensor, and the second term on the right hand side the effect of volume dilation. Once the Reynolds averaging approach for turbulence modeling is applied, the Navier-Stokes equations can be written in Cartesian tensor form as ∂ρ ∂t
where δ i j is the Kronecker delta, and −ρu i u j the Reynolds stresses. These Reynolds stresses must be modeled to close equation (5), i.e., for turbulence closure.
The k-ω (18) and Reynolds stress transport (20) , hereinafter RSTM, turbulence models were used for turbulence closure. The k-ω model is one of the most widely used turbulence models for external aero-and hydrodynamics. RSTM is the most advanced turbulence models for engineering applications and has shown better potential to predict the key features of rotating flows than other models.
For the near-wall treatment of the turbulence quantities, the wall function approach sensitized to pressure gradient by Kim and Choudhury (21) is employed for both of the models. The use of wall function boundary condition with the k-ω model was carefully validated for crossflow and vortical flow around a tanker hull form, and the results were fairly successful (22) . Note that the crossflow and vortical flow are very important characteristics of the present problem as well. The detailed implementation of the RSTM into the present CFD code is described in Kim et al. (23) The present CFD code employs a cell-centered finitevolume method that allows use of computational elements with arbitrary polyhedral shape. A node-based scheme (24) for the gradient evaluation on cell faces, which has demonstrated better convergence and higher accuracy for meshes with mixed type cells of high skewness, was employed. Convection terms are discretized using a second order accurate upwind scheme, while diffusion terms are discretized using a second order accurate central differencing scheme. The velocity-pressure coupling and overall solution procedure are based on a SIMPLE type segregated algorithm adapted to unstructured grid. The discretized equations are solved using pointwise Gauss-Seidel iterations, and algebraic multi-grid method accelerates the solution convergence. More detailed description of numerical method is available in Kim et al. (25) 
Model Geometry and Mesh Generation
The propeller model considered in the present study is P5168 designed at the David Taylor Model Basin. P5168 is a five-bladed controllable-pitch propeller of typical modern design with diameter D = 0.402 7 m, shown in Fig. 1 . As for other CFD studies on this geometry, some geometry simplifications were made: the blade flange, root fillets, and a root trailing edge cutout, which creates a gap between the blade and hub, were ignored. The blades were simply mounted on an infinitely long constant radius The baseline computational domain was created as one passage surrounding a blade: inlet at 0.5D upstream; exit at 0.72D downstream; solid surfaces on the blade and hub, centered at the coordinate system origin and aligned with uniform inflow; outer boundary at 1.43D from the hub axis; and two rotationally periodic boundaries with 72
• angle in between. To examine the influence of the exit boundary distance from the blades, one more domain was created. In this extended domain, the locations of the inlet and outer boundary were unchanged, while the exit boundary was pushed to 2D downstream. A hybrid mesh was generated inside the baseline domain using Fluent preprocessors GAMBIT and TGrid. First, the blade surface was meshed with triangles. The region around the root, tip, and blade edges was meshed with smaller triangles, i.e., with sides of 0.002 5D to 0.005D, while the inner region was filled with appropriately growing triangles. Once the blade surface was meshed, the other surfaces were meshed with larger triangles, i.e., with sides of up to 0.05D. In order to resolve the turbulent boundary layer on the solid surfaces, it is best to have growing prismatic cells from the blade and hub surface. This was done using TGrid, which is more specialized in hybrid mesh generation than GAMBIT. The surface mesh generated in GAMBIT was imported into TGrid. Then six layers of prismatic cells were attached to the blade and hub surface. The first cell height off the solid surface was approximately 0.001D, which is 2-300 in terms of y + , and the stretching ratio of the layers was 1.1. Finally the remaining region in the domain was filled with tetrahedral cells. The number of cells in this baseline mesh was 449 487. The same meshing strategy was employed for the extended domain, so that the mesh in the baseline domain portion is maintained and the extended portion of the domain was simply annexed with tetrahedral cell with sides of 0.05D. The number of cells of this extended mesh was 545 912. For the mesh independence study, a fine mesh was generated in the baseline domain. The same meshing strategy was used, but with smaller, i.e., with sides of 0.002 5D, and more uniformly sized triangles on the blade surface. The number of cells in this fine mesh was 1 533 332. Figure 2 shows the surface mesh on the blade and hub surface of the baseline mesh. Note that, due to the aspect ratio limit with triangular faces, unstructured meshing approach generally results in a larger number of cells near the blade edges, compared to structured meshing approach. Boundary conditions were set to simulate the flow around a rotating propeller in open water: on the inlet boundary, velocity components of uniform stream with the given inflow speed were imposed, while turbulence intensity was set to 1% of the mean flow; on the exit boundary, the static pressure was set to zero while other variables were extrapolated; on the outer boundary, the slip boundary condition was imposed, i.e., zero normal velocity component with extrapolated tangential velocity components, static pressure, and turbulence quantities; on the blade and hub surface, the no slip condition was imposed; and on the periodic boundaries, rotational periodicity was ensured.
Results and Comparison Data
CFD validations were carried out for four advance ratios, i.e., J = V a /nD = 0.98, 1.1, 1.27, and 1.51, where V a is the inflow speed and n is the number of revolutions in rps, following the experimental conditions. Although the J = 1.1 case is the most interesting one in terms of the tip vortex flow, all the cases were considered in the presented study, which is more focused on the general open water propeller performance prediction. Table 1 presents the computational conditions.
As a verification study, the influence of the domain extent and mesh resolution was examined by comparison of the thrust (K T ) and torque (K Q ) coefficients, which are defined as
where T and Q are thrust and torque of a propeller, respectively. Only the J = 1.1 case was considered, as the other cases are deemed to have similar uncertainties. Table 2 presents the computed K T and K Q obtained on three different meshes using the k-ω model. It was evident that the influence on the prediction of K T and K Q was not significant, less than 1.7%. Therefore, the baseline mesh was used for the validation study that follows. Initial computations were carried out on the baseline mesh for the J = 1.1 case. Once a converged solution was obtained, the mesh was adapted twice based on the total pressure gradient, which helps increase the resolution mainly in the tip vortex region. The adaption procedure was as follows: the cells in the region where the total pressure gradient was larger than 175 Pa/m were refined, i.e., one tetrahedral cell is divided into four tetrahedral cells; a converged solution was obtained on this adapted mesh; based on the newly obtained solution, the cells in the region where the total pressure gradient was larger than 200 Pa/m were refined one more time; a final converged solution was obtained on this twice adapted mesh. The adapted mesh, which consists of 615 702 cells, provided less than 1% improvement in terms of K T and K Q , suggesting that the initial mesh resolution is much more important than the mesh refinement afterwards. However, the mesh adaption still provides a better or same resolution for local flow quantities, and the twice adapted final mesh was used for final computations.
The influence of turbulence models on the solution was investigated with the J = 1.1 case on the final mesh. Both the k-ω and RSTM models performed equally well for this type of flow, supporting Chen's (14) discussion on the performance of the k-ω and algebraic Reynolds stress models. K T and K Q showed less than 1.5% difference from each other, i.e., 0.336 and 0.873 (k-ω) vs. 0.338 and 0.861 (RSTM). The blade surface pressure coefficient (C p ) profiles at 0.7R, where R = D/2, were also close to each other and hardly distinguishable. Therefore, only the k-ω model was employed for other J's, and the results with the k-ω model are presented for all cases. Figure 3 presents the computed K T and K Q with the corresponding experimental data. Overall, the agreement is good, i.e., differences are less than 8% and 11% for K T and K Q , respectively, and the trends with varying advance ratios are well predicted. However, CFD solutions overpredict, and the discrepancy increases with increasing propeller load, i.e., decreasing J. This tendency seems to be (5) - (14) . It is partly due to the viscous flow scale effect on the propeller performance prediction (5) , (7), (8), (10), (15) . In fact, a large, 50% to 60%, laminar flow region is known to exist and the turbulence transition takes place on the blade surface in model scale experiments (15) . However, in numerical simulations, it is a general practice to assume that the flow around the propeller is fully turbulent whether in model scale or in full scale, because there is not a universally recognized method to handle the turbulence transition on the propeller blade surface. Therefore, without an ad-hoc tuning of turbulence quantities, it is very difficult to match the model scale experimental data. In order to explicate this more clearly, computed K T and K Q values for the J = 1.1 case with turbulence model turned off, i.e., essentially laminar flow, are also presented in Fig. 3 . Compared to the fully turbulent flow condition results, K T is nearly unchanged, implying that the largely unchanging pressure component of the force is dominant in K T , while K Q is closer to the experimental value, implying that K Q is more dependent on the frictional component, which is sensitive to the viscous flow regime. This suggests that the turbulence transition needs to be considered when model scale simulations and experiments are to be compared. Moreover, the insufficient resolution of the tip vortex, which is discussed later, is another reason of this over-prediction. With under-predicted tip vortex strength, the thrust and torque are prone to be over-predicted. Regarding the overall trend, the increasing discrepancy with increasing propeller load could be explained along the same lines. As the propeller load increases, the Reynolds number based on the blade chord length at 0.7R section and the vector sum velocity of the inflow velocity and the rotational speed decreases, prompting delayed turbulence transition and larger laminar flow region. The tip vortex also intensifies as the propeller load increases, and its proper resolution becomes more difficult and the performance is more likely to be under-predicted. Also noteworthy is that the experimental conditions are hardly conformable in CFD, such as the effects of tunnel wall, in- flow speed non-uniformity, and hub and boss configurations. Note that, for the same geometry and conditions, the present solutions are comparable to other fully hexahedral structured mesh based code solutions obtained on meshes with more than one million cells (12) - (14) and much finer boundary layer resolution, y + ≈ 1, off the blade surface (13) , (14) . With comparable meshes, i.e., fully hexahedral fine structured meshes with the first spacing off the wall at y + ≈ 1, the present method supposedly provides better solutions. The pressure distribution on the blade and hub surface is an important factor for blade designs, considering the cavitation suppression and material strength issues. Figure 4 presents the static pressure coefficient,
2 , distribution on the back and face sides of the propeller for the J = 1.1 case. The typical pressure distribution on propeller blade and hub surface, i.e., low pressure near the leading edge on the back side and high pressure at the center of blade on the face side, is well reproduced. The low pressure region near the tip, where the tip vortex originates from, is also clearly identified. Figure 5 shows the blade surface C p vs. distance from the leading edge non-dimensionalized by the chord length (X C ) at 0.7R from the present and an inviscid flow panel method solutions for the J = 1.1 case (14) . In most part, the two solutions agree well, except for the region near the trailing edge. The difference there is believed to be due to the thickening boundary layer, which could not be handled by inviscid flow methods.
The tip vortex flow is of utmost interest, especially when highly skewed propellers are considered, mainly due to its contribution to noise generation. Although it is not a primary objective for the present study, the limiting streamlines on and the pathlines off the blade surface help identify the location where the tip vortex originates. Figure 6 shows the limiting streamlines on the blade surface and the pathlines colored by pressure off the blade tip for the J = 1.1 case. It clearly displays the tip vortex origin, where the limiting streamlines converge and the so- called open type separation initiates, and its development into the wake. The tip vortex structure depends on the propeller load, i.e., J, and, although not presented, its dependence is consistent with the observation of Chesnakas and Jessup (1) . The propeller wake plays a critical role in the ship wake signature analysis. The tip vortex cavitation in the wake and the interaction with the free-surface are always an intriguing research topic in the marine hydrodynamics community. Figure 7 presents the circumferentially averaged velocity components non-dimensionalized by V a in the axial (V x ), tangential (V t ), and radial (V r ) directions vs. non-dimensionalized radial coordinate (r/R) on the x/R = 0.238 6 plane for various J's. The present solutions reproduce the trend well; (1) large V x acceleration with its maximum in the mid-span area, where the blade has its highest pitch angle, (2) increasing V t with increasing radius, (3) negative V r , indicating flow contraction due to the propeller action, and (4) increasing magnitude of all the velocity components with increasing load and decreasing J. The overall agreement with the measured data for V x and V t is very good, except for the region near the hub, i.e., smaller r/R. The causes for this discrepancy are conjectured to be the infinitely long hub with relatively close inlet boundary to the blade center, which could result in unsatisfactory boundary layer development near the hub, and the insufficient mesh resolution in the area. The agreement for V r is not as good as that for others. It should be noted that, however, its values are an order of magnitude smaller than V x and V t , and the trends are reasonably reproduced. The same difficulty was also observed in Oh and Kang (9) and Chen (14) . Figure 8 displays the comparison of root-meansquare of turbulent velocity fluctuation, q = √ 2k, where k is the turbulent kinetic energy, on x/R = 0.238 6 plane for J = 1.1. The comparisons at other J's are similar. The overall comparison is fair, but the under-prediction and excessive dissipation are clear. This observation and other RANS CFD solutions (6) , (7), (10) - (12) lead the authors to believe that an enough mesh resolution in the propeller wake region is more essential than the choice of turbulence models and numerical schemes, as far as the propeller wake flow is concerned. Unfortunately, it costs a large mesh size for an unstructured mesh based code to do it. A compromise needs to be made considering the priorities of simulations.
Concluding Remarks
Results of computational fluid dynamics validation for flow around a marine propeller are presented. An unstructured mesh based Reynolds-averaged Navier Stokes method was used. The objectives are to propose and verify a hybrid mesh generation strategy, and to validate computational results against experimental data with advanced computational fluid dynamics tools.
A marine propeller called P5168 was selected for the present study. Computations were performed for various advance ratios following experimental conditions. Hybrid meshes were generated with enough boundary layer resolution on the blade and hub surface. A node-based scheme for the gradient evaluation on cell faces was implemented for higher discretization accuracy. As solution proceeds, mesh adaption was applied in the propeller wake region. A moving reference frame approach was selected. The k-ω and Reynolds stress transport models were employed for turbulence closure.
Computational results for both global and local flow quantities are discussed and compared with experimental data. The predicted global quantities, such as thrust and torque, are in good agreement with the measured values. The limiting streamlines on and the pathlines off the propeller blade as well as the pressure distribution on the blade surface reproduce the physics of highly skewed marine propeller flow with tip vortex very well. The circum-ferentially averaged velocity components compare well with the measured values, although the velocity and turbulence quantities in the highly concentrated tip vortex region are under-predicted.
The overall results suggest that the present approach is practicable for actual propeller design procedures and eventually numerical self-propelled model tests. However, important outstanding issues include more rigorous verification and validation, improvement in tip vortex region tracking and refinement, and application of the cavitation multiphase flow model for the tip vortex cavtitation.
